There is little available information regarding the quantitative relationship between the rate of secretion of antidiuretic hormone (ADH) and the rate of reabsorption of water by the renal tubules. From the work of Shannon (1) and Lauson (2) it has been suggested that in both dogs and adult humans the rate of secretion of ADH is equivalent to the intravenous administration of vasopressin at rates varying from less than 0.1 to more than 0.7 milliunit per hour per kilogram of body weight. Utilizing the endogenous creatinine U/P ratios as an index of the renal response, these authors both demonstrated a curvilinear relationship between the rate of infusion of vasopressin and the response of the kidney. The lowest rates of infusion of vasopressin studied were sufficient to produce a marked reduction in the rate of urine flow and increase in the endogenous creatinine U/P ratios, and there do not appear to be any data which define the quantitative relationship between ADH and the renal reabsorption of water in the range in which the concentration of the urine is generally less than that of the plasma. The current studies were designed to establish this relationship with the additional hope that its characteristics might provide some insight with respect to the mode of action of ADH. The subjects were all apparently healthy young adult men of ages twenty to thirty-five. No food or water was allowed for 10 to 12 hours prior to all but three of the experiments. In three studies (R
There is little available information regarding the quantitative relationship between the rate of secretion of antidiuretic hormone (ADH) and the rate of reabsorption of water by the renal tubules. From the work of Shannon (1) and Lauson (2) it has been suggested that in both dogs and adult humans the rate of secretion of ADH is equivalent to the intravenous administration of vasopressin at rates varying from less than 0.1 to more than 0.7 milliunit per hour per kilogram of body weight. Utilizing the endogenous creatinine U/P ratios as an index of the renal response, these authors both demonstrated a curvilinear relationship between the rate of infusion of vasopressin and the response of the kidney. The lowest rates of infusion of vasopressin studied were sufficient to produce a marked reduction in the rate of urine flow and increase in the endogenous creatinine U/P ratios, and there do not appear to be any data which define the quantitative relationship between ADH and the renal reabsorption of water in the range in which the concentration of the urine is generally less than that of the plasma. The current studies were designed to establish this relationship with the additional hope that its characteristics might provide some insight with respect to the mode of action of ADH. Each experiment was designed to compare the rate of urine flow (V) and the clearance of free water (Clao) (3) during maximal water diuresis with the urine flow and clearance of free water during the infusion of vasopressin, at one or more constant rates.
The subjects were all apparently healthy young adult men of ages twenty to thirty-five. No food or water was allowed for 10 to 12 hours prior to all but three of the experiments. In three studies (R.W., D.R., and E.D., 1/10/55), an attempt was made to increase (R.W. and E.D.) or decrease (D.R.) the rate of solute excretion. R.W. and E.D. (1/10/55) received 25 grams of sodium chloride per day added to their diets for two days prior to the study, and a portion thereof on the morning of the study upon arising. D.R. received only water ad lib. plus 200 grams of sucrose per day for two days prior to the study. No smoking was permitted for 8 hours prior to or during each experiment. All experiments were started between 7:30 and 8:30 A.M. and lasted from 6 to 11 hours, during which the subjects remained recumbent. Urine was collected through an indwelling Foley catheter with the aid of manual supra-pubic pressure. Venous blood was collected under oil through a Cournand needle which remained in an antecubital or forearm vein throughout each study. Approximately 0.25 ml. of heparin (1:1,000) was injected into the Cournand needle after each blood sample was obtained. No food or water was ingested during the experiments.
The basic design of the studies was as follows: In order to suppress the endogenous secretion of ADH as completely as possible, a positive balance of water of approximately one liter was produced in each subject, usually during the first hour, by the intravenous infusion of a solution of 3j per cent dextrose, 31 per cent invert sugar, or 5 per cent invert sugar, in water. This positive balance was subsequently maintained by adjusting the rate of infusion so that it approximated the rate of urine flow (infusion controlled by an Omega Machine Company "blood" pump which compresses the infusion tubing). In some experiments a maximal water diuresis was observed initially, followed by one or more constant infusions of vasopressin. In other experiments this order was reversed, and in a few studies an infusion of vasopressin was bracketed by periods of maximal water diuresis. In one subject (R.S.), one rate of infusion of vasopressin (0.5 milliunit per hour) was compared with a preceding maximal water diuresis; another rate of infusion (1.0 milliunit per hour) was compared with a subsequent maximal water diuresis. All infusions of vasopressin and all maximal water diureses were continued until an equilibrium appeared to have been achieved; i.e., an approximately constant rate of urine flow for at least 2 to 3 collection periods of 10 minutes or more. Venous blood was obtained through the Cournand needle near the end of each such series of "equilibrium" periods, usually at the start of the last period. Studies were eliminated if emotional factors appeared to have influenced the results, but it is obviously impossible to know that they were not involved in those reported.
Two separate lots of Pitressin®' were used: the first (RH-303 M, studies 1 through 5) was several years old but was used only during a three-month period and was reassayed (pressor activity) by the Parke, Davis and Company laboratories during that period; the second lot (Pt 189750, studies 6 through 9) was generously supplied new by Parke, Davis and Company and was assayed by them before and after the experiments. The first lot apparently had deteriorated by about 50 per cent, and this fact has been incorporated in the rates of infusion reported. The pre-and post-experimental assays on the second lot indicated no significant decrease in pressor potency. The appropriate dilutions of vasopressin were all prepared from freshly opened ampoules in 5 per cent invert sugar and water immediately before infusion, and were all administered intravenously at a constant rate of approximately 1 ml. per minute controlled by a Bowman finger-type infusion pump. The constancy of this pump was studied on several occasions and showed a variation of less than 0.1 ml. per minute over a period of 8 or more hours. The rates of infusion were checked in each experiment by timing the infusions and by weighing the bottles of vasopressin before and after completion of the infusions.
Inulin was administered intravenously as a 2j per cent solution in 5 per cent invert sugar and water at a constant rate of approximately 1 ml. per minute. Because of technical difficulties subsequent to the experiments, most of the analyses for inulin were unsatisfactory and clearances of inulin cannot be reported.
The osmolal concentrations of the serum and urine were measured on the day of the study with a Fiske Freezing Point Osmometer which was calibrated to read osmolality at the time of each set of determinations (4 The method of analysis of variance was utilized to examine the adequacy of the calculated regression equations.
RESULTS
The rates of excretion of urine, the osmolal concentrations of the urine and serum, and the rate of excretion of solutes for all "equilibrium" periods are shown in The exceptions (Co0om= 7.0, 7.2, 1.9, and 1.7 ml. per minute) were produced intentionally as explained under "methods" in an effort to examine the effect of the rate of solute excretion on the quantitative behaviour of vasopressin. In twelve of the seventeen observations, ACosm was no greater than 0.5 ml. per minute. There was no demonstrated glycosuria during the "equilibrium" periods of most studies; in a few, during the relatively higher rates of infusion of vasopressin, slight glycosuria was detected but never exceeded approximately 1 gram per cent. It is therefore unlikely that glucose was ever a major constituent of the urinary solutes.
The data in Table II show a considerable degree of biologic variation, despite which it can be seen that there was a graded curvilinear relationship between the rate of infusion of vasopressin and the renal response. The relationship Figure 2 (Equation 6) with considerably less variation about the line. That these three types of mathematical expression should all provide such excellent descriptions of the data is not surprising because, as shown in Figure 3 , these three equations approximate each other quite closely throughout most of the dose range involved in their derivation (0.5 to 10.7 milliunits per hour). Obviously, it would be extremely difficult to differentiate between them in this range on the basis of data as variable as that provided by most biological studies.
It should be emphasized that in all but one study (E.D. 1/10/55) the rates of infusion of vasopressin were less than that required to produce a significantly hypertonic urine and the relationships defined may not be applicable at higher rates of administration of vasopressin.
The method of analysis of variance was utilized to examine the influence of the rate of excretion of solutes on the renal response to vasopressin.
The variable considered was the value of C.. Figure 4 .
One significant complication occurred in relation to these experiments. During a number of studies which are not included in the results reported, reactions occurred which were characteristic of those due to intravenous pyrogen (shaking chills or chilly feelings, temperature elevations from 100 to 103°F. by mouth, and variable associated symptoms such as headache, nausea, vomiting, and muscular aches). These reactions were ultimately shown to be the result of the infusion of large volumes of commercially produced "pyrogen-free" parenteral fluid. This fluid was always found to be bacteriologically sterile and it is presumed that it contained minute amounts of pyrogenic material, which were sufficiently small to escape detection by the standard U.S.P. rabbit test (5, 6 ) and which would not cause reactions when infused in the volumes of solution commonly used for clinical purposes, but which would be capable of producing reactions if infused in large volumes at a rapid rate (5, 6) as in the studies recorded here (5 (7), the pressor and antidiuretic activities should bear a consistent quantitative relationship to each other. It is therefore reasonable to combine results obtained from two lots of Pitressin®, the pressor activity of each lot being known. Obviously, there is no particular significance in the absolute values of the rates of infusion since these necessarily have been assigned in terms of the biologically assayed "pressor" activity. Also, these calculated rates of infusion of vasopressin are only approximations, since the assay method is not accurate to better than I7 per cent (8) , and since the measurements involved in preparing the dilutions are subject to a small error.
Infusions of vasopressin at rates even considerably greater than those used in the current studies do not cause any large or consistent changes in the rate of glomerular filtration (clearance of inulin) (9) and cause slight if any alteration in total effective renal plasma flow (clearance of para-amino-hippurate) (9) . Hence, it is unlikely that hemodynamic effects were involved in the current results, although such effects cannot be as clearly eliminated in the four experiments in which a pyrogenic reaction developed subsequent to (but not during) the study.
There are three fundamental assumptions implicit in the experimental design of these studies, the validity of which cannot be known: 1) That there was no significant secretion of endogenous ADH during "equilibrium" periods of what has been called "maximal water diuresis"; 2) that the changes in CHO observed with the infusions of vasopressin were due entirely to the administered vasopressin; and 3) that when vasopressin is being infused at a constant rate, and when CHO is constant, the amount of vasopressin acting on the appropriate site in the renal tubules is also constant. These assumptions are, at least, supported by the approximate constancy of CHO during the "equilibrium" periods.
If the volume of distribution of vasopressin does not alter, and if the rate constant8 of biological decay of vasopressin is independent of concentration (as Ginsburg and Heller (10) found it to be in the rat), the concentration of vasopressin in the blood at equilibrium would be a linear function of the rate of infusion. Furthermore, if the blood flow to the affected portion of the renal tubules does not alter, the concentration of vasopressin in the critical region would be expected to be a linear function of the concentration in the blood and therefore of the rate of infusion. Within the context of these and the aforementioned assumptions, one of the three types of derived regression equations may be a plausible expression of the physiologic process. by which ADH effects the abstraction of water from the renal tubular urine. Unfortunately, establishment of such mathematical relationships cannot of itself prove the existence of any particular mechanism, and in the discussion which follows several general concepts with respect to mechanism will be examined without intending to suggest that those mentioned in any sense represent an inclusive list. Relationships of the type represented by equations 3 and 6 can be derived from several hypothetical modes of action of ADH. One such derivations has been suggested by Dr. Hans Ussing (13) who proposes that each molecule of ADH is potentially able to combine reversibly in some way with a "site" in the renal tubular cell or on its membrane, thereby creating a "pore" through which water can flow at a constant rate. The actual mechanism causing the flow of water is immaterial; the term "pore" merely indicates the rate-limiting element of the process. It is further assumed that the total number of potential "pores" is constant, that all potential "pore" sites have the same affinity for ADH, and that the rate of movement of water is proportional to the number of "pores." From these assumptions it is possible to derive the following equation: 9 1 ages obtained by including the urine flows for 20 and 30 minutes, respectively, after the injection of vasopressin. As the authors state, a plot of the logarithm of the dose against the response is well described by a straight regression line. As shown in Figure 5 , the data (using A flow3o) are also well defined by either a log-log or reciprocal relationship. The regression coefficients are quite similar to those reported here: 0.601 for the log-log (compared to 0.564 and 0.519 in equations 2 and 5); 0.215 for the reciprocal relationship (compared to 0.196 and 0.173 in equations 3 and 6). Jeffers, Livezey, and Austin (19) studied the dose-response relationship of vasopressin injected intravenously (as individual doses) into water-loaded rats receiving alcohol, the response being defined as the difference between urine flow for 20 (vasopressin) and the renal tubular reabsorption of water in continuously water-loaded young adult men. The vasopressin was infused at various constant rates, almost all of which were less than that required to produce an hypertonic urine. The difference between the clearance of free water during maximal water diuresis and the clearance of free water during an infusion of vasopressin (ACHo) was considered to represent the rate of reabsorption of water resulting from the particular rate of infusion of vasopressin. The results indicate that there is a graded curvilinear relationship between the rate of infusion of vasopressin and the renal tubular reabsorption of water. The relationship can be expressed by at least three simple regression equations, the possible physiologic significance of which has been discussed. It is suggested that an equation of the form 1/ACH2o = A + B (1/ vasopressin rate) may be the most physiologically meaningful expression of the data. 
